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The gas-phase reactions of negative ions (O-; NH;, C,H,NIT, (CH,),N-, C,H;, and 
CH,SCH;) with fluorobenzene and 1,4-difluorobenzene have been studied with Fourier 
transform ion cyclotron resonance mass spectrometry. The O-’ ion reacts predominantly by 
(1) proton abstraction, (2) formal Hl’ abstraction, and (3) attack on an unsubstituted carbon 
atom. In addition to these processes, attack on a fluorine bearing carbon atom yielding F- 
and C,H,FO- ions occurs with 1,4-difluorobenzene. Site-specific deuterium labeling reveals 
the occurrence of competing 1,2-, 1,3-, and 1,4-H:’ abstractions in the reaction of O-’ with 
fluorobenzene. Attack of the O-’ ion on the 3- and 4-positions in fluorobenzene with 
formation of the 3- and 4-fluorophenoxide ions, respectively, is preferred to reaction at the 
2-position, as indicated by the relative extent of loss of a hydrogen and a deuterium atom in 
the reactions with labeled fluorobenzenes. The NH;, C,H,NH-, (CH312N-, C,H;, and 
CH,SCH; anions react with fluoroberuene and 1,4-difluorobenzene only by proton abstrac- 
tion. The relative importance of Ht and D* abstraction in the reaction of these anions with 
labeled fluorobenzenes indicates that the 2-position in fluorobenzene is more acidic than the 
3- and 4-positions, suggesting that the literature value of the gas-phase acidity of this 
compound (Aff&d = 1620 + 8 kJ mol-‘) refers to the former site. Based on the occurrence of 
reversible proton transfer between the CH,O- ion and 1,4-difluorobenzene, the AH&, of 
this compound is redetermined to be 1592 + 8 kJ mol’.‘. (J Am Sot Mass Spectrom 1993, 4, 
73-82) 
I nsight into the regioselectivity in the reactions of negative ions with molecules in the gas phase is of fundamental interest and importance for structure 
elucidations by negative chemical ionization [l] in 
combination with tandem mass spectrometric [2] 
methods, such as collision-induced dissociation or col- 
lision-induced charge inversion of the generated ions. 
The majority of the commonly used negative chemical 
ionization reagent gases yields ions that react predomi- 
nantly by proton transfer or by adduct formation with 
the substrate, or both 111. By contrast, the O-’ radical 
anion often undergoes a number of competing reac- 
tions with a typical organic molecule under chemical 
ionization conditions [l, 31. The radical character of the 
O-’ ion is reflected, for example, in the often facile 
abstraction of a hydrogen atom with formation of 
HO- ions and in the formal Hz’ abstraction leading to 
a new radical anion and a water molecule. The latter 
process provides a unique method for the generation 
of radical anions in the gas phase, for example, the 
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radical anion of 1,2-dehydrobenzene [4-81 (eq 1) and 
carbene ions, such as H,C=C-. 19, 101, -‘CHCN 
[il-131, and -‘CHNC [13]. The O-’ ion is also known 
to react as carbonyl group 114, 151, leading to displace- 
ment of an alkyl radical [16], and even attack on one of 
the carbon atoms in benzene, with formation of a 
phenoxide ion and a hydrogen atom, occurs readily (eq 
2) [4, 81: 
0-’ + C,H, 4 C,H;’ + H,O (1) m/z 16 m/z 76 
+ C,H,O- + H’ (2) 
m/z 93 
The formation of the -‘CHCN ion in the reaction of 
O-’ with acetonitrile [ll-131 is clearly a result of a 
1,1-H;’ abstraction. Competing l,l- and 1,3-H: ab- 
stractions have been shown to occur in the reactions 
with acetone [17] and larger ketones of [16], whereas 
deuterium labeling has shown that the reaction with 
benzene involves almost exclusively a 1,2-H:’ abstrac- 
tion [4, 6, 71. As part of a study concerned with the 
gas-phase acidity of C,H,X’ radicals, we reacted the 
O-’ ion with 4-deutero-fluorobenzene and observed 
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the occurrence of competing HDC’ and Hi’ abstrac- 
tions (eq 3) [6]. The occurrence of both these processes 
in combination with the results for benzene prompted 
us to perform a more systematic study of the reaction 
between the O-’ ion and site-specifically deuterium- 
labeled fluorobenzenes to determine the positional ori- 
gin of the hydrogen/deuterium atoms incorporated in 
the water molecule expelled from the collision com- 
plex: 
F 
- C$II~;~ + HDO (3a) 
OP. -I- 
m/z 16 - C,H,DF-, + H,O (3b) 
D 
m/z 95 
In a recent report, Meot-Ner and Kafafi [IS] applied 
compound as a function of the exothennicity of the 
AM1 calculations to probe the gas-phase acidities of 
the different positions within monosubstituted arc+ 
process and the nature of the reactant ion. 
matic compounds. For fluorobenzene, the calculations 
indicated that the 2-position should have the same 
acidity as the 3-position, whereas the 4-position should 
be approximately 6 kJ mol-’ less acidic than the other 
sites [ 181. For chlorobenzene, experiments have shown 
that the 2-position is approximately 8 kJ mol-’ more 
acidic than the 3- and 4-positions, both being essen- 
tially equal with respect to acidity [19]. The results for 
chlorobenzene and the calculations of the acidity of 
fluorobenzene suggest that only minor differences are 
to be expected among the acidities of the various 
positions in a monosubstituted aromatic compound. 
Except for the study of chlorobenzene, no attempts 
have been made to experimentally determine the rela- 
tive gas-phase acidities of the different positions in a 
halogen-substituted aromatic compound or to examine 
whether specificity in the deprotonation of such a 
species can be obtained. In this study we have reacted 
a series of negative ions with different isotopomers of 
fluorobenzene, thus allowing experimental insight to 
be obtained into the site(s) of deprotonation of this 
were ejected from the ET-ICR cell by applying suitable 
radiofrequency pulses to the excitation plates of the 
cell. The total pressure in the instrument was approxi- 
mately 8 x lob5 Pa in most of the experiments, as 
measured with an uncalibrated ionization gauge placed 
in a side arm of the main vacuum system. The ratio 
among the partial pressures of the precursor of the 
primary negative ions, the fluorobenzene, and the con- 
jugate acid of the anion of interest was normally 1.5:1:1. 
The temperature of the trapping plate situated oppo- 
site to the filament side was measured to be about 330 
K. The inlet systems, the leak valves, and the vacuum 
vessel of the instrument were at room temperature. 
Most of the chemicals used in the present study 
were commercially available and were used without 
further purification. The 4deutero-fluorobenzene (96% 
d,) compound was prepared by reacting 1-fluoro4- 
iodobenzene with zinc in a mixture of Da0 and acetic 
acid anhydride [24]. The 2,5-dideutero-fluorobenzene 
(96% d,) compound was likewise synthesized from 
1-fluoro-2,5-diiodobenzene. The 2,4,6-trideutero-fluo- 
robenzene compound (99% da) was prepared by hy- 
drogen-deuterium exchange between aniline and 
D,O/DCl, followed by diazotation and thermal de- 
composition of the tetrafluoroborate salt of the diazo- 
mum species [25]. The 2,6-dideutero-fluorobenzene 
compound (97% d,) was prepared by hydrogen-deu- 
terium exchange between 4-bromoaniline and 
D,O/DCl, followed by diazotation and thermal de- 
composition of the tetrafluoroborate salt, yielding 3,5- 
dideuterio-1 -bromo4-fluorobenzene, which was con- 
verted subsequently into the desired fluorobenzene by 
quenching the Grignard reagent with NH&l dissolved 
in water [25]. The 3,5-dideutero-fluorobenzene com- 
pound (96% da) was synthesized by first forming 
2,6dideutero-1-bromo+fluorobenzene by hydrogen 
deuterium exchange between 4-fluoro-aniline and 
D,O/DCl, followed by a Sandmeyer reaction 1251. 
Quenching of the Grignard reagent of the bromo com- 
pound with a NH&l dissolved in water then yielded 
the 3,5-dideutero-fluorobenzene. The 2,6-dideutero- 
Experimental 
The experiments were performed with Fourier trans- 
form ion cyclotron resonance (FT-ICR) mass spectrom- 
etry [20]. The ET-ICR mass spectrometer used in the 
present study was designed and constructed at the 
University of Amsterdam, and the general operating 
procedure of the instrument has been described else- 
where [21, 221. The primary negative ions, OP., HO-/ 
Do-, and NH,, were generated bv dissociative elec- 
tron capture tc~N,O (e&on energy 1.2-1.5 eV> [231, 
H,O/D,O (6 eV), and NH, (5 eV), respectively. The 
thermal decomposition of the tetrafiuoroborate salt of 
1,4_difluorobenzene (96% da) compound was prepared 
the diazonium species. All labeled fluorobenzenes were 
purified by preparative gas chromatography (column 
by hydrogen-deuterium exchange between 4-fluoro- 
reoplex 400, temperature llO°C). The label contents 
aniline and D,O/DCl. followed bv diazotation and 
given were determined by electron impact mass spec- 
trometry. 
Results 
Reacfions of Negative ions with FZuorobenzene 
C,H,NII, (CH,),N-, C&I;, and CH$CH; inions The OP. radical anion reacts with fluorobenzene to 
were all formed by proton abstraction from the appro- form the product ions shown in eqs 4-7, where the 
priate conjugate acids by the NH, ion. Unwanted ions percentages represent the relative abundances of the 
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product ions after a reaction time of 200 IIIS: 
==5w 
OP.+ C,H,F + HO- + C,H,F’ 
m/z 17 
AH,” = -3 kJ mol-’ (4) 
145% 
+ C,H,F-’ + H,O (5) 
m/z 94 
=15% 
+ C,H,F- + HO’ 
m/z 95 
AH; = +20 kJ mol-’ (6) 
=35% 
+ C,H,FO- + H’ (7) 
m/z 111 
The predominant reactions are formal Hi’ abstraction 
(eq 5) and attack on a carbon atom, leading to expul- 
sion of a hydrogen atom from the collision complex (eq 
7). Hydrogen atom abstraction with formation of HO- 
is estimated to be near thermoneutral (thermochemical 
data have been taken from Lias et al. [26]) and occurs 
only to a minor extent (eq 4). The HO- ions react 
subsequently with fluorobenzene by proton transfer, 
with formation of C,H,F- ions, and generate very 
minor amounts of C,H,O- ions by nucleophilic attack 
on the fluorine-bearing carbon atom [27-241. The 
C,H,F- ions are also generated by proton transfer to 
the O-’ ion (eq 6), even though this process is en- 
dothermic by approximately 20 kJ mol-’ (A H&,(HO’) 
= 1599 f 2 kJ mol-‘) [26]. Dissociative electron cap- 
ture by N,O is known to result in O-’ ions with an 
average kinetic energy of 0.38 eV when the energy of 
the ionizing electrons is 1.5 eV (see Experimental) [23]. 
In the present experiments, the OP. ions were isolated 
100-200 ms after their formation, implying that the 
percentages given in eqs 4-7 represent the product ion 
distribution for reactant ions with a kinetic energy 
above thermal. 
The relative abundances of the ions formed by pro- 
ton or deuteron abstraction and by competing Hz’, 
HD*; and D:’ abstractions in the reactions of the O-’ 
ion with the deuterium-labeled fluorobenzenes are 
shown in Table 1. The relative abundances of the ions 
formed by loss of a hydrogen or a deuterium atom 
from the collision complex are shown in Table 2. 
The NH;, C,H,NHP, (CH,),N-, C,H; and 
CH,SCH; anions react with fluorobenzene exclu- 
sively by proton transfer. The reaction of the three 
nitrogen-containing anions occurred readily, with con- 
version into products being complete after a reaction 
time of 400 ms for the NH; ion at a pressure of 
approximately 3 X 10e5 Pa of C,H,F (see Experimen- 
tal). Conversion into products was 80% to 90% after 
400 ms for the C,H,NH- and (CH,),N- ions at the 
same pressure of fluorobenzene. The C6H; and 
CH,SCH; ions reacted much more slowly with fluo- 
robenzene than the nitrogen-containing anions, as indi- 
cated by conversion into products, which was 25% for 
Table 1. Relative extent of H+, Hz’/D+, Ha+‘, and D; 
abstraction in the reactions of the O-. radical anion 
with deuterium-labeled fluorobenzenes” 
Abstractionb of 
Compound H+ H;./D+ HD+’ D:’ 
4-D-&Ha-F 10 50 40 - 
2.6-D, -C,H, -F 3 40 50 7 
3,5-D, -C,H, -F 13 25 55 7 
2,5-D, -C,H, -F 12 32 50 6 
2.4.6.D,-CBH2-F 2 15 68 15 
‘Reaction time 200~300 ms (see text); values have been cor- 
rected for incomplete labeling and ‘%-isotope contributions. 
‘Expressed as percent of the total yield of product ions from 
these processes. 
C,H; and 5% for CH,SCH; after 400 ms. 
The relative amounts of the [M - HI- and [M - 
D]- ions formed in the reactions of the anions with a 
series of site-specific deuterium-labeled fluoroben- 
zenes are shown in Table 3. The values shown for the 
NH;, C,H,W-, and (CH,),N- ions represent the 
relative amounts of [M - HI- and [M - D]- ions 
generated within a reaction time of 200-400 ms, 
whereas the results for the C,H; and CH,SCH; ions 
are relative amounts of [M - HI- and [M - DIP ions 
formed within 0.5-l s. 
The ratio between the abundances of the [M - HI- 
and [M - D]- ions remained nearly constant with 
reaction time in most of the experiments. A slight 
increase in the abundance of the [M - Dl- ions rela- 
tive to that of the [M - HI- ions at reaction times 
longer than 1 s was observed in some of the experi- 
ments with the C,H; and CH$CH; ions, which 
react slowly with fluorobenzene. The change in the 
relative abundances varied from experiment to experi- 
ment, implying that the slight increase in the relative 
amount of the [M - D]- ions with reaction time was 
caused by hydrogen-deuterium exchange between the 
[M - HI- ions from the labeled fluorobenzenes and 
traces of water inevitably present in the FT-ICR cell. 
Table 2. Relative extent of loss of a hydrogen and a deuterium 
atom from the collision complex formed in the reactions of the 
O-- ion with the labeled fluorobenzenes 
Percent loss of H and D atoms 
Comoound 
Experimental Statistical 
results’ resultsb 
H D H D 
4-D-CsH, -F 70 30 80 20 
2.6~D2-C,H,-F 75 25 60 40 
3,5-D2-&H,-F 40 60 60 40 
2.4.6.D,-C,H,-F 65 35 40 60 
‘The relative abundances of the ions formed by loss of H and D 
atoms from the collision complex were independent of reaction 
time; values have been corrected for incomplete labeling and con- 
tributions from the ‘%-isotope of the ions generated by elimination 
of a D atom. 
bCalculated on the assumption that the O-’ ion attacks the 
unsubstituted carbon atoms with an equal probability. 
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Table 3. Relative extent of proton and deuteron abstraction’ in the reactions of anions with labeled fluorc~benzenes~ 
A/f&, (HAP 4-D -C,H, -F 2,6-D, -C,H, -F 3.5-D, -C,H, -F 2,4.6-D, -C,H, -F 
Anion (A-1 (kJ mol-‘1 IM - HI- [M - D]- [M - Ii- [M - DI- [M - HI- [M - D]- [M - HI- [M - D]- 
NH; 1689 80 20 45 55 I35 15 45 55 
CsH5 1677 85 15 35 65 
C,H,NH- 1671 00 20 20 80 
(CH,b,N- 1658 80 20 30 70 
CH,SCH; 1645 95 5 20 80 
‘Expressed as a percent of the total yield of the [M - HI- and [M - Dl- ions 
b See text. 
‘Values from ref 26. 
90 10 25 75 
85 15 30 70 
85 15 15 85 
95 5 10 90 
This is in agreement with the result that the conjugate 
base of fluorobenzene undergoes facile consecutive 
exchange of all four hydrogen atoms for deuterium 
atoms in the presence of D,O, as shown in eq 8 and 
Figure 1 (see refs 3 and 30 for a discussion of hydra 
gen-deuterium exchange reactions of anions in the gas 
phase): 
C,H,F- +*c+ C,D,F- (8) 
m/z 95 m/z 99 
Reactions of Negative ions with 1,4-Difluorobenzene 
The reactions of the O-’ ion with 1,4-difIuorobenzene 
are shown in eqs 9-13, together with the product ion 
distribution obtained after a reaction time of 200 ms. 
Nucleophilic attack on a fluorine-bearing carbon atom 
[27-291 (eqs 9 and 10) occurs in addition to Hz* ab- 
straction (eq 11) and elimination of a hydrogen atom 
from the collision complex (eq 13). Attack on a fluo- 
p(CgHgF) = 2 x to-’ Tow ‘2% C,H,F,O- + H (13) 
\ 
pP,O) = 2 x 1~)‘~ Torr 
\ d_ 
reaction time in ms 
Figure 1. The hydrogen-deuterium exchange between the con- 
jugate base of fluorobenzene and D,O followed as a function of 
reaction time. The lines represent a graphical interpolation be- 
tween the individual data points; d,-d, indicate the C,H,F- to 
C,D,F- ions. 
rine-substituted carbon atom leads to fewer F- ions 
than C,H,FO- ions, even though the former process 
is more exothermic than the latter reaction [26]. Proton 
abstraction (eq 12) is exothermic by 8 kJ mol-’ (vide 
infra) and, as expected, more significant than in the 
reactions with fluorobenzene (see eq 6): 
0-’ + 1,4-F&H, --t FP + C,H,FO 
m/r 16 m/r 19 
AH; = - 191 kJ mol-’ (9) 
=lO% 
4 C,H,FO- + F 
m/*-111 
AH; = -92 kJ mol-’ (10) 
=30% 
+ C,H,F,-’ + H,O (11) 
m/z 112 
=35% 
+ C,H,F,- + HO’ 
m/z 113 
AK- -8 kJ mol-’ (12) 
m/z 129 
With 2,6-dideutero-1,4-difluorobenzene, abstraction 
of D$’ is observed to some extent (eq 14): 
F 
D 
o-. + 
m/z 16 
- C,H,F;, + D,O (14) 
m/z 112 
Competing abstractions of HD*’ and H2+’ may occur 
also in the reactions of the O-’ ion with this com- 
pound, but the determination of the relative impor- 
tance of these processes is hampered by the occurrence 
of other reactions. For example, attack on a fluorine- 
bearing carbon atom yields a C,H,D,FO- (m/z 113) 
ion that is isobaric with the C,HDF;’ ion generated by 
HD*’ abstraction. Elimination of a deuterium atom 
occurs nearly to the same extent as loss of a hydrogen 
atom (eq 15) from the collision complex, indicating 
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that this process is not associated with a significant 
isotope effect: 
D 
o-. + 
m/z 16 
C,H,DF,O- + D, (15a) 
m/z 130 
C,HD,F,O- + H, (15b) 
m/t 131 
The NH;, C,H,NH-, (CH,),N-, C,H;, and 
CH,SCH; anions react with 2,6-dideutero-1,4-di- 
fluorobenzene only by proton or deuteron abstraction. 
The relative amounts of the [M - HIP and [M - D]- 
ions generated provide a measure of the intramolecu- 
lar kinetic isotope effect associated with the acid/base 
reaction between the anions and the 1,4-difluoro- 
benzene compound. The isotope effect appears small 
for the three nitrogen-containing ions, whereas pro- 
nounced effects are observed for the two carbanions 
(Table 4). 
The estimated exothermicity of the proton transfer 
reaction is also shown in Table 4 and is based on 
redete&ina tion of the gas-phase acidity of 1,4-di- 
fluorobenzene. The previous value was placed roughly 
between the acidities of CH,OH (AI!&, = 1592 + 8 kJ 
mol-‘) and C,H,OH (AH& = 1579 + 8 kJ mol-‘) 
1271. During the present study, the reaction between 
the CH,O- ion and 1,4-difluorobenzene was observed 
to be reversible (eq 16 and Figure 2), thus allowing 
more accurate determination of the gas-phase acidity 
of this compound: 
e [PA,; I-I-I- + CH,OH (16) 
P 
Table 4. Intramolecular kinetic isotope effect associated 
with the proton/deuteron abstraction reactions between 
anions and 2,6-dideuter~l,Pdifluorobe~~ea 
Anion 
NH; 
C&G 
&H,NH- 
KH,I,N- 
CH,SCH; 
-AHFb 
Wmol~‘) 
97 
85 
79 
66 
53 
k, /k,’ 
1.3 f 0.1 
1.5 f 0.1 
1.3 f 0.2 
1.0 f 0.1 
2.1 + 0.1 
‘See text: values have been corrected for incomplete labeling 
and ‘3C-isotope contributions. 
‘Estimated from data given in ref 26 and AH;,,,ll,d-difluoro- 
benzene)= 1592 i I3 kJ mol.’ (see text). 
EAverage of three to six experiments. 
loo 
0 
p(C,H,F,) = 2 x 10~’ TM 
p(CH,OH) - 2 x 10” Ton 
0 
reacLion time in ms 
Figure 2. Normalized ion abundances as a function of time for 
the reaction between the CH,O- ions and 1,4-ditluorobenzene 
(see text). 
In addition to proton transfer, the reaction between 
the methoxide ion and 1,4-difluorobenzene is known 
to yield F- ions by nucleophilic aromatic substitution 
and minor amounts of C,H,FO- ions by a subsequent 
S,2 reaction in the collision complex [27-291. The 
results in Figure 2 indicate that the ratio between the 
abundances of the CH,O- ion and the conjugate base 
of 1,4&fluorobenzene is approximately constant at 
reaction times longer than 1 s despite the nucleophilic 
aromatic substitution reaction. Based on the results in 
Figure 2, the equilibrium constant for eq 16 is deter- 
mined to be 13.6, which results in AG&,(l,4-di- 
fluorobenzene) = 1558 + 8 kJ mol-’ if the tempera- 
ture of the system is assumed to be 300 K (see Experi- 
mental). The entropy change associated with removal 
of a proton from 1,4-difluorobenzene (A.?&> is esti- 
mated to be 114 JK-l mole1 [31, 321, thus leading to 
~&,4&fluorobenzene) = 1592 f 8 kJ mol-‘, with 
T = 300 K. 
Discussion 
Abstraction of f-I,+’ from Fluorobenzene 
The mechanism advanced for Hi’ abstraction from 
benzene involves initial hydrogen atom abstraction, 
yielding a [HO-+ &Hi]* ion/molecule complex [3, 
71. Subsequently, proton abstraction occurs from the 
2-position in the newly generated phenyl radical, with 
formation of the radical anion of 1,2-dehydrobenzene. 
The Hz’ abstraction from fluorobenzene can also be 
formulated as hydrogen atom abstraction followed by 
proton abstraction. Hydrogen atom abstraction may 
occur at the different sites in fluorobenzene and thus 
lead to any of the three isomeric C,H,F. radicals 
shown in Scheme I. 
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()-- +Dj-y _ [q=J Do]*_ 
Scheme I. Proposed mechanism for H;- abstraction from flue- 
roberuene. 
The gas-phase acidity of the Z-position in the phenyl 
radical has been placed recently at 1592 f 8 kJmol-’ 
[6, 71. The phenyl radical is thus substantially more 
acidic in the gas phase than water (AH& = 1635 f 2 
kJmol_I) and also more acidic than fluorobenzene 
(AHicid = 1620 f 8 kJmol_‘) (see above). The differ- 
ent positions within any of the three isomeric C,HIF’ 
radicals are therefore likely to be more acidic than 
water in the gas phase, and as a result, the hydroxide 
ion in the [HO-+ C,H,F’]* complexes may abstract a 
proton from any of the sites in a given radical (Scheme 
I). 
An accurate determination of the relative extent of 
Hz’ abstraction from the labeled fluorobenzenes is 
hindered owing to the occurrence of endothermic D+ 
transfer driven by the excess kinetic energy of the 
reactant O-’ ions (see eq 6 and Results). In the reac- 
tions with the 2,6-dideutero- and 2,4,6-trideutero- 
Scheme II. Proposed pathway for the formation of the radical 
anion of l-fluoro-2,~dehydrobenzene~~ene in the reaction of the O- 
radical anion with 2,6_dideuter~fluorobenzene. 
1-fluoro-2,6_dehydrobenzene, provided that the dis- 
crete steps leading to loss of D,O from the collision 
complex are essentially irreversible (Scheme II). This is 
an essential requirement, because reversibility in the 
proton transfer step may cause the positional speci- 
ficity of the label to be lost and lead to the generation 
of, for example, the radical anion of I-fluoro-2,5-de- 
hydrobenzene, as indicated in Scheme III. It should be 
mentioned, however, that the generation of isomeric 
radical anions in the reaction of O-. with fluoroben- 
zene is indicated by our previously reported finding 
that the ions formed by H:’ abstraction from 4-de- 
utero-fluorobenzene (eq 3a) do not undergo hydr& 
gen-deuterium exchange with D,O, whereas the ions 
generated by HD*’ abstraction (eq 3b) react slowly 
with D,O by exchange accompanied by isomerization 
to less basic radical anions [6]. Based on the present 
results, it is not possible to reach a conclusion as to the 
structures of the ions generated by Hi; HD”, and D:- 
abstraction from the different labeled fluorobenzenes. 
Nevertheless, the results in Table 1 reveal that in a 
formal sense 1,3- and 1,4-H:’ abstractions from fluo- 
robenzene may be as favorable as the 1,2-H:‘ abstrac- 
labeled compounds, scarcely any H* transfer occurs, 
indicating that the O-’ ion mainly abstracts a proton 
from the 2-position in fluorobenzene (vide infra). Based 
on this result, it can be anticipated that D+ abstraction 
from the 3,5-dideutero-compound is negligible, sug- 
gesting that the results for this compound are close to 
representing the relative importance of the Hz; HD+; 
and D:’ abstractions. The experimental result (29:63:X) 
(see also Table 1) is very close to the ratio estimated 
for nonselective abstraction of Hl’, HD+‘, and D:’ 
(30:60:10), providing some support for the suggestion 
that the initial hydrogen atom abstraction leads to the 
16: HDf& [D6HD*[- 
isomeric C,H,F’ radicals and that proton abstraction 
[ 1 
* 
can occur from any of the positions in a given radical F F 
(Scheme I). 
The competing H, , +. HD+; and Dz’ abstractions can -1 ;. 0 
+ DZO 
lead, in principle, to the radical anions of isomeric 
-1 ;_” D20 - 
0 
fluorine-substituted 1,2-, 1,3- and 1,4-dehydroben 
zenes. For example, D:’ abstraction from 2,6-di- 
deutero-fluorobenzene may yield the radical anion of 
Scheme III. Proposed pathway for the formation of the radical 
anion of 1-fluoro-25-dehydrobenzene in the reaction of the O-’ 
radical anion with 2,6_dideutercFfluorobenzene. 
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tion, in contrast to the result for the reaction of the O-’ 
radical anion with benzene. 
Attack of the 0 _. Ion on u Carbon Atom 
in Fluorobenzene 
The mechanistic aspects of nucleophilic aromatic sub- 
stitution in gas-phase reactions of anions with fluor- 
ine-containing compounds have been discussed in de- 
tail elsewhere [27-291. With fluorobenzene, the CH,O- 
and C,H,O- ions react slowly to form F- and 
C,H,O- ions, whereas the attack on a fluorine-sub- 
stituted carbon atom is more facile when a difluo- 
roberuene is the substrate [27]. In lime herewith, attack 
of the O-’ ion on a substituted carbon atom occurs in 
the reaction with the 1,4_difluorobenzene compound 
but not in the reaction with C,H,F, even though the 
formation of FP or C,H,O- ions is exothermic [26] 
(eqs 17 and 18): 
0-. + C,H,F --//+ FP + C,H,O. 
m/z 16 m/z 19 
AH,” = - 193 kJ mol-’ (17) 
--//+ C,H,O- + F’ 
m/z 93 
AH; = -78 kJmol-’ (18) 
In the reaction with fluorobenzene, three isomeric 
C,H,FO- ions can be formed, as shown in Scheme IV. 
The estimated reaction enthalpies [26] also given in 
Scheme IV show that the formation of the 3-fluoro- 
phenoxide ion is approximately 20 kJ mol-’ more 
exothetic than generation of the 2- and 4-fluorophe 
noxide ions. 
The results for an attack on an unsubstituted carbon 
atom in 4-deutero-fluorobenzene reveal a more pro- 
nounced loss of a deuterium atom from the collision 
complex than expected for a nonselective attack of the 
O-’ ion (see Table 2). A more significant loss of a 
deuterium than of a hydrogen atom than predicted 
from a statistical process is also observed in the reac- 
tion with 3,5-dideutero-fluorobenzene. A complemen- 
tary result is obtained for the 2,4,6-trideutero- 
e 
Scheme IV. Proposed mechanism for attack of the O-. radical 
anion on an umubstituted carbon atom in fluorobemene. 
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compound, whereas loss of a deuterium atom in the 
reaction with 2,6_dideutero-fluorobenzene occurs to a 
lesser extent than estimated for a nonselective process. 
The labeling experiments thus reveal that attack of the 
O-’ ion on the 2-position is less favored than reaction 
at the 3- and 4-positions. 
The absence of a significant isotope effect on the 
loss of a hydrogen or deuterium atom in the reaction 
of O-’ with 2,6_dideutero-1,4_difluorobenzene (eq 15) 
indicates that bond formation between the reactant ion 
and a carbon atom is the rate-determining step in the 
process. In the reaction with fluorobenzene, attack on 
the 2-position may result in the species a shown in 
Scheme Iv. Although the charge and radical distribu- 
tions within a-c in Scheme IV are unknown, it may be 
anticipated that the electronic repulsion between the 
oxygen and fluorine atom in a can cause the energy 
barrier toward attack at the 2-position to be slightly 
higher than the barriers for attack on the 3- and 4-posi- 
tions, thus leading to the observed preference for reac- 
tion at these sites. 
Proton Abstraction from Fluorobenzene 
According to the AM1 calculations by Meot-Ner and 
Kafafi [18], only minor differences in the gas-phase 
acidities of the various positions within a monosubsti- 
tuted benzene compound are to be expected. The rela- 
tive acidities of the different positions within a 
molecule have been probed in several instances by 
performing hydrogen-deuterium exchange reactions 
between the deprotonated species and a suitable ex- 
change reagent [3, 29, 301. For example, all hydrogen 
atoms in the anion generated by proton abstraction 
from one of the ring positions in 4-F-C,H,-OCH, are 
exchanged for deuterium atoms in the presence of D,O 
1291. The exchange of the hydrogen atoms from the 
aromatic part of the molecule, however, proceed faster 
than the exchange of the hydrogen atoms from the 
methyl group, implying a lower acidity of this part of 
the molecule than of the aromatic ring positions. In 
view of such findings, the facile exchange of all hydrtF 
gen atoms of the conjugate base of fluorobenzene with 
D,O (see Figure 1) could be taken as support for the 
prediction that the different positions within fluo- 
robenzene should be almost equal in acidity. An 
equally thermochemical acidity of the various posi- 
tions in fluorobenzene could mean that the relative 
extent of the [M - H] - and [M - DIP ions is deter- 
mined solely by the isotope effect on the acid/base 
reaction. An isotope effect is to be expected, as indi- 
cated by the results for the reactions of the anions with 
2,6-dideutero-1,4-difluorobenzene. For this compound, 
the isotope effect is small for the NH;, C,H,NH-, 
and (CH,),N- ions, whereas a pronounced effect is 
observed for the C,H; and CH,XH; ions (Table 4). 
The [M - HI- and [M - D]- ions are formed in 
the reactions of the NH;, C,H,NH-, and (CH,),N- 
ions with 4-D-&Ha-F (Table 3) in an abundance ratio 
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equal to that expected for a nonselective proton and 
deuteron abstraction (80% [M - HI- and 20% [M - 
D]-1. In the reaction with the C,H; and CH,SCH; 
ions, deuteron abstraction occurs to a lower extent 
(15% and 5%, respectively) than expected for a nonse- 
lective process. These results could be in keeping with 
a negligible isotope effect for the three nitrogen-con- 
taining anions and a significant isotope effect in the 
reaction with the two carbanions. Such behavior, how- 
ever, would result in similar abundance ratios for the 
[M - HI- and [M - D]- ions generated from the 2,6- 
dideutero-fluorobenzene and the 3,5-dideutero-com- 
pound, in contrast to observation (Table 3). In the 
reactions with the former compound, a larger relative 
amount of the [M - DIP ions are generated than ex- 
pected from statistical abstraction of a proton and a 
deuteron, which would result in 60% [M - HI- and 
40% [M - D]- ions. Furthermore, the preference for 
abstracting a deuteron from the 2-position increases 
roughly as the basicity of the anion decreases (Table 3). 
Complementary results are obtained for the 3,5_dideu- 
tero-labeled compound in the sense that deuteron ab- 
straction occurs to a minor extent compared with pro- 
ton abstraction, and with the weakest base, CH,SCH;, 
only approximately 5% [M - D]- ions are generated. 
In addition, in the reactions of the anions with the 
2,4,6-trideutero-cornpound, deuteron transfer becomes 
more important as the basic@ of the anion decreases. 
In conclusion, the present results indicate that abstrac- 
tion of a proton from the 2-position is preferred to 
abstraction of a proton from the 3- and 4-positions 
within fluorobenzene. 
The abundances of the [M - H] _ and [M - D] 
ions reflect, of course, the relative rates of the pre 
cesses leading to these ions. ln view of the occurrence 
of an isotope effect on the reaction with 2,6-dideutero- 
l,Cdifluorobenzene, it is to be expected that a kinetic 
barrier exists for the deprotonation of fluorobenzene. 
Whether the trend in the ratios of the abundances of 
the [M - HI- and [M - D]- ions can be correlated 
with the thermochemical acidity of the different sites 
within fluorobenzene will then depend on the relative 
heights of the barriers toward proton abstraction from 
the 2-, 3-, and 4-positions. The heights of these energy 
barriers will in general terms be determined by the 
stability of the generated anions and the intrinsic 
energy barrier (i.e., the barrier for the hypothetical 
situation where the change in the free energy for 
the process is equal to zero> [33,34] toward abstracting 
a proton from a given position. In the absence of 
arguments for postulating a larger intrinsic barrier 
toward proton abstraction from the 3- and 4-positions 
than for the 2-position in fluorobenzene, it can be 
concluded that the trend in the ratios of abundances of 
the [M - HI- and [M - D]- ions from the labeled 
fluorobenzenes is a result of a more favorable thermo- 
chemistry for proton/deuteron abstraction from the 
2-position than from the other positions. In other 
words, the results in Table 1 indicate that the 2-posi- 
tion is the most acidic site within fluorobenzene and 
that the literature value of 1620 * 8 kJmol_’ for 
AH&(C,HsF) refers to this position. Whether the 3- 
and $-positions in fluorobenzene are similar or differ- 
ent with respect to acidity remains, however, to be 
clarified. 
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